Abstract: 23
This study aims to develop a numerical method that can be used to investigate the cushioning properties of 24 different insole materials on a subject-specific basis. 25
Diabetic footwear and orthotic insoles play an important role for the reduction of plantar pressure in people 26 with diabetes (type-2). Despite that, little information exists about their optimum cushioning properties. 27
A new in-vivo measurement based computational procedure was developed which entails the generation 28 of 2D subject-specific finite element models of the heel pad based on ultrasound indentation. These 29 models are used to inverse engineer the material properties of the heel pad and simulate the contact 30 between plantar soft tissue and a flat insole. After its validation this modelling procedure was utilised to 31 investigate the importance of plantar soft tissue stiffness, thickness and loading for the correct selection of 32 insole material. 33
The results indicated that heel pad stiffness and thickness influence plantar pressure but not the optimum 34 insole properties. On the other hand loading appears to significantly influence the optimum insole material 35
properties. These results indicate that parameters that affect the loading of the plantar soft tissues such as 36 body mass or a person's level of physical activity should be carefully considered during insole material 37 selection. 
Introduction 45
The diabetic foot disease is one of the most common complications of type-2 diabetes. Previous reports 46
highlight that approximately 15% of people with diabetes world-wide will at some stage develop diabetic 47 foot ulceration that could lead to amputation [1] . The complications of diabetes (type-2) are the most frequent 48 cause of non-traumatic lower-limb amputations [1] . While in the UK up to 100 people/week have a limb 49 amputated as a result of diabetes, it is indicated that up to 80% of these amputations could have been 50 prevented with correct management [2] . 51
Even though it is clear that certain areas of the foot have a significantly higher risk for ulceration (i.e. such as increased plantar pressure [3] . 56
Previous in-vivo studies performed with age-matched groups of non-diabetic and diabetic volunteers have 57 found that diabetic plantar soft tissue tends to be thicker [5] , stiffer [5, 6] , harder [7] and to return less energy 58 after a load/unload cycle (i.e. higher energy dissipation ratios) [8] . Moreover recent in-vivo results revealed 59 statistically significant correlations between the stiffness of the heel pad of people with diabetes (type-2) and 60 their blood sugar and triglycerides levels [9] . 61
One of the most common experimental techniques used to study the in-vivo mechanical behaviour of plantar 62 soft tissues is ultrasound indentation. During the indentation test tissue deformation is measured from the 63 ultrasound images [5, [8] [9] [10] and the applied force is measured from a load sensor enabling the calculation of 64 a force/deformation curve. This curve describes the macroscopic response of the plantar soft tissue to 65 loading and is influenced by the morphology of the tissue as well as by the size and shape of the indenter. 66
The effect of indenter size was numerically investigated by Spears et al.[11] to conclude that larger 67 indenters can produce more reliable and robust measurements compared to smaller ones. 68 69 was identified using the ultrasound probe as a guide. The reproducibility of this simple measurement 119 was established through a test/ re-test procedure. 120
The magnitude of the applied load (i.e. 80 N) was decided based on preliminary barefoot plantar 121 pressure measurements. More specifically a pressure sensor (F-scan®, Tekscan, Boston, MA, US) was 122 used to measure the peak pressure of the entire heel area during quiet stance and then to calculate the 123 net compressive force that is applied to a section of the heel that is similar to the one imaged during the 124 indentation test. This section was defined around the location of peak pressure and its thickness was the 125 same as the ultrasound probe. Ten trials were performed in total where peak pressure and compressive 126
force were recorded for 15 sec with sampling frequency of 2 Hz. The average peak pressure and 127 compressive force were calculated for each trial. 128 129
Inverse engineering of the material coefficients of heel pad 130
The inverse engineering of the material coefficients of the plantar soft tissue entails the design of a subject-131 specific FE model of the indentation test. More specifically the indentation test is simulated using a 2D 132 (plane stress with thickness) FE model comprising a rigid calcaneus and a bulk soft tissue. The geometry 133 of the model is reconstructed from an ultrasound image showing the heel pad under maximum 134 compression ( Figure 2A ). Using Matlab to outline the calcaneus ( Figure 2B ) a series of key-points is 135 defined and imported into the FE simulation software (ANSYS 12) to create the FE model of the 136 heel( Figure 2C ). The thickness of the soft tissue in the FE model is modified to correspond to the initial 137 tissue thickness measured from the indentation test. The model's width was also uniformly expanded to 138 the value of the measured heel width ( Figure 2C ). The model of the heel was meshed with 4-node 139 quadrilateral elements (Plane182) using a free-mesh generator [20] . On the other hand the ultrasound 140 probe was simulated as a rigid trapezoid that is in frictionless contact with the plantar side of the soft 141 tissue ( Figure 2C ). The indentation procedure was simulated by fixing the probe and imposing a 142 displacement to the calcaneus equal to the maximum deformation measured experimentally. This 143 simulation enables the numerical estimation of the force/deformation curve for the indentation test. The subject-specific model of the indentation test was modified to simulate the contact between the heel pad 159 and an insole material. More specifically the FE model of the rigid ultrasound probe was replaced by a layer 160 of a compliant foam material with uniform thickness of 10 mm ( Figure 4A ). The friction coefficient between 161 the heel pad and the insole material was set to 0.5 [10] . The mechanical behaviour of the foam material was 162 The material coefficients of the foam material were initially assigned for commercially available PU foam 170 that is used in diabetic footwear. These values were not available from the manufacturer and were calculated 171 following a combined experimental and numerical approach as follows: µPU =39.6 kPa, αPU=19.3, νPU= 0.06 172 (please also see supplementary material (Suppl.Mat.2)). 173
The aforementioned modelling procedure for the contact between the heel and an insole material was used 174
to give an insight in the optimum cushioning properties of flat insoles. The numerical calculations performed 175 to quantify the cushioning properties of an insole material were: the maximum deformation of the insole 176 material under constant load, the energy that is absorbed during loading, the peak plantar pressure and the 177 percent reduction of peak plantar pressure. Pressure reduction was calculated relatively to barefoot standing 178 on a rigid surface which was simulated by multiplying the µfoam material coefficient of the PU foam by 10 6 179 to turn the simulated insole material into a practically rigid body. Quiet stance was simulated by fixing the 180 lower surface of the foam layer and applying a net compressive force of 80N at the calcaneus. 181 182
Validation 183
The accuracy of the predicted peak pressures between the heel pad and the insole material was assessed 184 through a testing procedure that closely matched the numerically simulated loading scenario ( Figure 5 ). For 185 this purpose the ultrasound probe of the previously described ultrasound indentation device was replaced 186 with a rigid support for insole materials and the foot was loaded through a rectangular cuboid (120 mm ×10 187 mm ×10 mm) piece of the previously mentioned PU foam. A thin plantar pressure sensor (F-scan®, 188
Tekscan, Boston, MA, US) was also placed between the foot and the foam to measure peak pressure. The 189 subject's foot was subjected to five preconditioning load/unload cycles and three measuring ones to a The second parametric investigation aimed to assess the importance of subject-specific heel pad material 212
properties for the correct selection of insole material. Three scenarios were included in this investigation for 213 the cases of "average stiffness", "soft" and "stiff" heel pads. The case of "average stiffness" was simulated 214 using the material coefficients that were inverse engineered from the ultrasound indentation tests. The 215 remaining two cases were reconstructed based on literature by decreasing the values of the tissue's material 216 coefficients µtissue and αtissue (Equation 1) by 50% or increasing them by 50% respectively to simulate a 217 "softer" or "stiffer" heel pad respectively [10] . 218
The aim of the third parametric investigation was to assess the importance of subject-specific tissue thickness 219 for the correct selection of insole material. Three scenarios were included in this investigation, namely for a 220 heel pad of "average thickness" as well as for "thin" and "thick" heel pads. The last two cases were simulated 221 by decreasing or increasing the thickness of the heel pad respectively by 50% [5, 10] . 222
The aim of the last parametric investigation was to assess the importance of loading for defining the optimum 223 cushioning properties of insole materials. For this purpose the net force applied to the FE model was 224 
Ultrasound indentation 234
The preliminary plantar pressure measurements showed that the average(±stdev) peak pressure for all 235 ten trials of barefoot standing on a rigid surface was equal to 176 kPa (±7.6 kPa) while the average(±stdev) 236 net compressive force applied to a section of the heel that is similar to the one imaged during the 237 indentation test was 80N (±4N) . 238
The main output of the indentation test was the average force/deformation curve of the heel pad (Figure  239 3). The reconstructed outline of the calcaneus is shown in figure 2C while the thickness of the heel pad 240 and the width of the heel were measured to be 20.1 mm and 68 mm respectively. 241 242 3.2 Inverse engineering of the material coefficients of heel pad 243
The optimum solution for the inverse engineering procedure (Figure 3 
The numerically estimated peak plantar pressure between the heel pad and the PU foam was 177 kPa (Figure  248 4C). The maximum deformation of the insole and the work that was absorbed during loading was 51.3% 249 and 0.182 Nm respectively. The respective peak pressure for the case of barefoot standing on a rigid surface 250 was 226 kPa ( Figure 4B ) which means that the predicted pressure reduction for the PU foam is 21.8%. 251 252
Validation 253
The average(±stdev) peak pressure that was measured for a testing procedure that closely matched the 254 simulations was 184 kPa (±3kPa). The difference between the experimentally measured peak pressure and 255 the numerically estimated one was 3.8%. 256
The average(±stdev) peak pressure measured at the heel for barefoot standing on a 10 mm thick sheet of PU 257 foam was 137 kPa (±10 kPa). Considering the value of the peak pressure for barefoot standing on a rigid 258 surface this measurement translates to 22.4 % peak pressure reduction compared to 21.8% that was predicted 259 from the FE analysis. 260
Parametric analyses 261
The sweep of the design space indicated that clear optimum values exist for the insole material coefficients. 262
Peak pressure was minimised for µfoam =52 kPa and αfoam =6 and its minimum value was 166 kPa, which 263 corresponds to 26.5% reduction relatively to barefoot standing on a rigid surface ( Figure 6A ). On the other 264 hand the energy absorbed during loading was maximised for µfoam =31 kPa and αfoam =6 ( Figure 6B ). The 265 maximum value of the absorbed energy during loading was 0.22 Nm. In contrast to peak pressure and 266 absorbed energy the maximum deformation appears to increase with decreasing µfoam and αfoam for the entire 267
range of values that were tested ( Figure 6C) . 268
Reducing the values of the plantar soft tissue's material coefficients by 50% to produce a "softer" heel pad 269 caused a significant increase of barefoot peak pressure by 19%. On the contrary increasing the values of the 270 coefficients by 50% to simulate a "stiffer" heel pad caused a marginal increase of peak pressure by only 1%. 271
The maximum pressure reduction achieved for the case of a "softer" or "stiffer" heel pad was 28.4% and 272 32.4% respectively. In both cases maximum pressure reduction was achieved for αfoam =6 ( Table 1) . As it 273 can be seen in Figure 7A the insole material coefficients (µfoam) that maximise pressure reduction for a "soft" 274 or a "stiff" heel pad appear to be the same as the ones found for a heel pad of "average stiffness". Similarly, 275 altered soft tissue properties appear to have no effect on the insole properties that maximise energy 276 absorption during loading ( Figure 7B) . 277
Changing the thickness of the heel pad had a significant effect on barefoot peak pressure. More specifically 278 decreasing heel pad thickness by 50% caused a 25% increase of peak pressure while increasing heel pad 279 thickness by 50% caused a 12% decrease of pressure. 280
Despite its effect on plantar pressure, heel pad thickness appeared to cause no change to the optimum insole 281
properties. The maximum pressure reduction that was found for the case of a "thin" or "thick" heel pad was 282 equal to 33.8% and 23.1% respectively. In both cases maximum reduction was again achieved for αfoam =6 283 (Table 1) . As it can be seen in figures 7C and 7D the value of µfoam that maximises pressure reduction and 284 energy absorbed for the cases of "thin" and "thick" heel pad appears to be the same as for a heel of "average 285 thickness". 286
Increasing the net compressive force by 100% and 200% increased barefoot peak pressure by 105.7% and 287 227.6% respectively. In the case of 160 N (i.e. 100% force increase) a maximum pressure reduction of 26. properties. This makes the extensive use of geometrically detailed FE models impractical for clinical 298 applications or the optimisation of footwear design. The use of anatomically focused simplified models has 299 been proposed as an alternative simulation approach to overcome the aforementioned problems associated 300 with geometrically detailed FE models [23, 27] . 301
In this context, the methodology presented here entails the creation of subject-specific 2D FE models of a 302 critical area of the heel based on relatively simple, non-invasive tests, namely ultrasound indentation and 303 plantar pressure measurements. The ultrasound indentation test provides the necessary information for the 304 design of the models and also for the inverse engineering of the material properties of the heel pad. 305
In a previous study, Erdemir et al. [10] also combined indentation tests with FE modelling to inverse engineer 306 the heel pad's hyperelastic coefficients and reported the average initial shear modulus (K0) of the heel pads 307 for twenty non-diabetic subjects to be equal to 16.54 kPa with a standard deviation of 8.27 [10] . Similarly, 308 the initial shear modulus of the heel pad of the non-diabetic subject of the present study can be calculated as 309 by Erdemir et al. [10] . 311
This modelling procedure was also employed for the simulation of the contact between the heel and insole 312 materials. As far as peak plantar pressure is concerned, the comparison between numerical and experimental 313 results for a single subject showed that the proposed technique can accurately predict the peak plantar 314 pressure for a loading scenario that closely matches the simulation, namely loading the heel using a strip of 315 foam material ( Figure 5 ). Even though this loading is the closest one can get to the FE simulation, these two 316 loading scenarios are still not identical, mainly because of the shear stresses that are developed between the 317 loaded and unloaded tissues in the case of the in-vivo loading. 318
This first validation indicates that the proposed simulation technique can correctly solve the simplified 319 problem for which it was designed. Moreover comparing the results for the aforementioned idealised loading 320 scenario and quiet stance showed that the FE simulation overestimates the magnitude of peak pressure but 321 accurately estimates the normalised pressure reduction. More specifically the numerically estimated peak 322 pressure for the idealised loading scenario was 29.2 % higher than the one measured for quiet stance. On the 323 contrary the difference between the predicted and the measured pressure reduction was only 3.0 %. 324
All pressure measurements were performed using very thin (thickness≈0.25mm) sensors (F-scan®, 325
Tekscan, Boston, MA, US) that cannot offer any cushioning themselves and follow the curvature of the 326 insole. Based on that, the sensor's effect on the results was considered to be negligible and was not included 327 into the FE analysis. 328
After validation, the subject-specific model was utilised to assess the cushioning properties of different foam 329 materials. The results indicated that correct selection or fine-tuning of the mechanical behaviour of insole 330 materials can maximise an insole's capacity to reduce pressure and absorb energy during loading. Moreover 331 maximising the insole's capacity to reduce plantar pressure does not mean that its capacity to absorb energy 332 during loading is maximised too. Indeed it is indicated that an insole that is slightly "softer" than the one that 333 maximises pressure reduction is needed to maximise energy absorbed (Figure 6) . 334 In this context the results of this study indicated that even though heel pad 347 mechanical properties and thickness influence plantar pressure they do not affect the optimum cushioning 348
properties of insole materials. Indeed as it can be seen in figures 7A-D the insole material properties that 349 maximise pressure reduction and energy absorbed during loading remain the same regardless of changes in 350 terms of tissue stiffness or thickness. Therefore it can be concluded that these two parameters are not likely 351 to be critical to inform insole material selection. In contrast to subject-specific tissue stiffness and thickness, 352 subject-specific loading appears to significantly influence the optimum insole material properties (Figures  353   7E,F) . testing is needed to confirm these results for dynamic loading the findings of this study indicate that the 360 cushioning properties of insole materials could possibly be optimised on a subject-specific basis using simple 361 information on loading and the factors that influence it (e.g. body mass, a person's type of weight-bearing 362 physical activity etc.). 363
Moreover further tests involving people with diabetes are also needed to see if a material selection method 364 that is based on loading could also be used to inform the prescription of diabetic footwear. At this point it 365
should be stressed out that the correct selection of materials is only one aspect of footwear that could be 366 optimised on a patient-specific basis. The overall structure of the footwear [33] [34] [35] as well as the degree of 367 congruity between the footwear and the foot[28] need also to be considered to maximise the efficiency of 368 diabetic footwear. 369
Because of the manual operation of the indentation device and limitations in the achievable loading rates the 370 modelling procedure presented here was limited to quasi-static loading scenarios and therefore the viscosity 371 of the plantar soft tissue was not taken into account. Besides that, it is clear from literature that the viscosity 372 can significantly alter the plantar soft tissue's response to dynamic loading and therefore it should be 373 considered in the case of dynamic loading [26, 34, [36] [37] [38] . 374
Another limitation of this modelling procedure is that the use of a 2D model restricts its application to loading 375 scenarios that don't involve considerable out of plane loads. As a result of that the effect of plantar shear 376 stresses, which according to literature are altered in diabetic neuropathic patients and play an important role 377 for ulceration [39, 40] , cannot be investigated with the existing 2D FE models. On the other hand, the use of 378 a 2D model substantially reduced the computational power that is needed to perform each analysis and 379 enabled its use for the inverse engineering of the heel pad's material coefficients, which is a highly iterative 380 process. In addition, the use of a 2D model significantly simplified the reconstruction of the heel pad's 381 geometry and enabled the design of subject-specific models without the need for CT or MRI scans which 382 are costly and their analysis is very labour intensive. At this point it should be stressed out that the geometry 383 of the calcaneus is expected to influence the results of the analysis and reconstructing it for every subject 384 significantly enhances the subject-specificity of the analysis. 385
Moreover the assumption that the plantar soft tissue is a uniform bulk material means that this model cannot 386 be used to study the internal stress and strain fields of the tissue. The simplified simulation of the tissue's 387 internal structure could also compromise the reliability of the model for loading cases other than the ones 388 for which it was validated. 389
On the other hand the proposed modelling procedure was proven to be satisfactory accurate for the 390 simulation of heel pad's macroscopic response to quasi static loading and the analysis of the contact 391 conditions between the heel pad and different insole materials. This ability enabled a thorough investigation 392 of some important parameters that could affect the mechanical compatibility between the heel pad and insole 393 materials and shed new light on the optimum cushioning properties of insoles without the limitations of 394 commercially available materials. Moreover, the FE modelling procedure presented here offers an improved 395 approach for the inverse engineering of the heel pad's hyperelastic coefficients [10] which takes into account 396 the subject specific geometry of the calcaneus. In the future the method presented here could also be used 397 for other areas of the foot such as the metatarsal heads or the Hallux. 
